Ornithine carbamoyltransferase and argininosuccinase, two enzymes involved in arginine synthesis, are regulated by cross-pathway amino acid control in Neurospora and show derepression in response to limitation of any one of a number of amino acids. The effects of varying the severity of arginine limitation upon the synthesis of these enzymes, in mycelial cultures of an arginine auxotrophic strain, are reported here. Derepression occurred at arginine concentrations sufficient to allow normal rates of protein accumulation, leading to increases of not more than fourfold in the absolute rate of enzyme synthesis. On the other hand, differential rates of enzyme synthesis increased progressively up to 20-fold or more under extreme conditions of arginine limitation that also limit net protein synthesis. The major part of the derepression response thus occurred at arginine concentrations that allowed low net rates of protein synthesis. The physiological significance of this is not yet understood. Our evidence suggests that these responses were mediated entirely through the cross-pathway control system, and may not be untypical (allowing for variations in magnitude) of derepression resulting through this mechanism in Neuruspura.
INTRODUCTION
The derepression of amino acid synthetic enzymes that occurs under conditions of amino acid limitation has been studied quite extensively in Neurospora, and this has led to a general description of many of the control systems involved (Davis, 1975) . There are, however, few, if any, systems for which quantitative information is available relating changes in enzyme synthesis to the severity of amino acid limitation. Such information is clearly of importance in understanding the operation of underlying control mechanisms. This paper is mainly concerned with the regulation of two of the final three enzymes of arginine synthesis in Neurospora, ornithine carbamoyltransferase (OCTase) and argininosuccinase (ASAase). Both enzymes are known to be regulated by cross-pathway amino acid control (Flint & Kemp, 1981) . This form of control mediates the simultaneous derepression of various enzymes involved in the synthesis of arginine, tryptophan, histidine and lysine in Neuruspura in response to a decrease in the intracellular concentration of any one of a number of amino acids Barthelmess, 1982; Flint & Kemp, 1981) . Similar forms of control are also found in other fungi (Bode et al., 1983; Piotrowska, 1980; Schurch et al., 1974) . In the case of OCTase it has been shown that derepression elicited by limitation of arginine, tryptophan or histidine can be completely abolished by mutation at the cpc-I locus, which is thought to encode a positively acting regulatory element involved in cross-pathway control (Barthelmess, 1982) . This, and the absence of any repressive effect of arginine in wildtype strains (Cybis & Davis, 1975; Flint & Kemp, 1981) , rules out an additional pathwayspecific form of control, which had been found for OCTase in yeast (Messenguy, 1979) , in Neuruspura. Evidence presented in this paper suggests that the same applies to ASAase. Thus Ahbreciations : ASAase, argininosuccinase ; OCTase, ornithine carbamoyltransferase.
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the derepression of OCTase and ASAase that occurs in response to arginine limitation is attributable to the same mechanism that governs derepression of these enzymes in response to other amino acids and derepression of enzymes in other pathways in response to arginine. We concentrate here on examining derepression under conditions of arginine limitation mainly for reasons of comparability with an earlier study (Barthelmess et al., 1974) . However, this system is principally of interest as an example of derepression occurring through the cross-pathway control mechanism.
Two different experimental approaches are used here to study changes in enzyme synthesis resulting from reduced arginine levels. First we compare the effects of gradual arginine depletion in an arginine auxotroph on the absolute rate of OCTase synthesis and on total protein accumulation. Secondly, we examine conditions where the growth of an arginine auxotroph is limited by the continuous supply of low concentrations of arginine. In this case determinations of enzyme activity are used to measure the differential (or relative) rates of enzyme synthesis associated with conditions of arginine limitation of varying severity. These studies provide quantitative information on the relationship of enzyme derepression to the severity of arginine limitation.
METHODS
Struins. Neurospora C~USSLI strains arg-5a (27947) and his-2a (Y 152M 14) were obtained from the Fungal Genetics Stock Center, Humboldt State University Foundation, Arcata, Calif., USA. cpc-l arg-6a is derived from the cpc-I (CD15) and arg-6 (CD25) strains isolated by Davis (1979) and cpc-1 his-2u is from cpc-l (CD15) and his-2 (Y 175M611). These strains were obtained from I . B. Barthelmess, University of Hannover, FRG. The wild-type strain used was St Lawrence 74a. The arg-5 and arg-6 (CD25) mutations result in the loss of detectable activity for acetylornithine aminotransferase and acetylglutamyl phosphate reductase/acetylglutamate kinase respectively (Davis, 1979) , and his-2 affects phosphoribosyl ATP synthetase (Perkins et al., 1982) .
Growth conditions. Normal batch cultures were grown at 29 "C in 200 ml Vogel's liquid medium (Vogel, 1956 ) containing 2.25% (w/v) glucose and appropriate amino acid supplementation in 1-1 round, baffled flasks. Flasks were shaken at 200 r.p.m. on a gyrorotary shaker. Inocula of lo7 conidia per flask were prepared from 7-to 14-dold slants. To compensate for the germination lag shown by strains carrying the cpc-1 allele, the inoculum was doubled and inoculation advanced by 6 h.
For the experiments involving continuous arginine supply, inoculations were made into 200 ml medium containing a low 'priming' concentration (0. I2 mM) of arginine. Flasks were fitted with silicone rubber stoppers carrying a foil capped vent and a glass tube in contact with the medium through which a combined stream of sterile air (0.42 ml min-I) and fresh medium (0.16 ml min-I), containing the appropriate amino acid concentration, was pumped by means of a multichannel proportioning pump. Pumping was continued throughout incubation, while the flasks were shaken at 200r.p.m. Despite the increase in culture volume that occurs over the period of incubation, this combination of vigorous agitation and forced air ensures adequate aeration throughout, since wild-type strains grow exponentially at a rate independent of the culture volume under these conditions (Flint et ul., 1983) .
Mycelia were harvested by filtering the complete flask contents through two layers of Whatman no. 1 paper in a Buchner funnel. They were rinsed with a small volume of distilled water, rapidly frozen and then lyophilized and weighed.
Amino acid pools. Arginine was determined using an amino acid autoanalyser on cold 5% (w/v) sulphosalicylic acid extracts of powdered lyophilized mycelium as described previously (Flint et al., 1980) . Enzyme activities. Extracts of powdered, lyophilized mycelium were made by homogenizing with a Teflon/ground glass pestle in 0.05 M-Tris/HCl buffer (pH 7.5) containing 0.1 mM-EDTA and 0-5 mM-dithiothreitol, and centrifuging for 20 min at 1OOOg. OCTase (EC 2.1 .3.3) activity was routinely assayed on highly diluted supernatant without dialysis, and other enzymes were assayed after dialysis overnight against 0-01 M-Tris/HCl buffer (pH 7.5) at 4 "C. OCTase activity was assayed by the formation of citrulline, which was estimated colorimetrically. ASAase (EC 4.3.2.1) was assayed by the formation of ['SC]argininosuccinate from ['TIarginine (i.e. by the back reaction) as described previously (Flint & Kemp, 198 1) . Glutamate acetyltransferase (EC 2.3.1.35) and saccharopine dehydrogenase (NAD+, lysine-forming; EC 1.5.1 .7) were assayed by the methods of Denes (1970) and Broquist (197 1) respectively. Assays were done in duplicate. Total activities (per culture) for OCTase and ASAase were calculated from the activities per unit dry weight extracted and the dry weight harvested. In each case one unit of activity represents the formation of 1 pmol product min-l at 30 "C. Specific activities were obtained after estimation of protein concentration in the extract by the Lowry method.
Total myceliulprotein. Powdered, lyophilized mycelium (20 mg) was homogenized in 2 ml cold 5% (w/v) TCA and centrifuged (lOOOg, 10 min) after 30 min on ice. The precipitate was washed once in 5 % TCA, digested for 16 h in 3 ml 1 M-NaOH, and protein was determined on a 10-fold dilution (in H 2 0 ) of the digest by the Lowry method.
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Cross-path way control of' arginine synthetic enzymes
In the experiments shown in Fig. 1 , nrg-5 and his-2 auxotrophic strains were allowed to 'run out' of their required amino acid, following supplementation at a low concentration. The progress of specific activity increase, due to derepression, of three arginine synthetic enzymes and of one lysine synthetic enzyme is shown during the later stages of growth. As observed previously (Flint & Kemp, 1981) , OCTase and ASAase showed greater increases in specific activity than the other two enzymes whether arginine or histidine was the limiting amino acid. The derepression of OCTase and ASAase that occurs in response to decreased arginine or histidine was largely abolished in strains carrying the cpc-I (CD15) mutation, impaired in crosspathway amino acid control (Table 1) . Although an increase (less than twofold) in both enzymes followed arginine limitation in the cpc-I (CD15) argd strain used here, a previous study using other cpc-I mutant alleles has shown that arginine mediated derepression of OCTase, as well as that of glutamate acetyltransferase and saccharopine dehydrogenase, can be completely abolished by mutation at the cpc-I locus (Barthelmess, 1982) . Thus in Fig. 1 the derepression resulting from arginine limitation, as well as from histidine limitation, is probably due entirely to the cross-pathway control system. Table 1 also shows an effect of the cpc-I mutation on basal levels of ASAase and OCTase activity. This has been observed previously for OCTase and for other enzymes subject to cross-pathway control (Barthelmess, 1982) . The reason for the slight reduction observed here in ASAase activity upon histidine starvation of the cpc-I his-2 strain (Table 1) is not known. The results are expressed as specific activity ratios, i.e. specific enzyme activities relative to those found for a wild-type strain growing on minimal medium (given in Fig. 1 legend) , and are the means of duplicate determinations from a single experiment. Strains carrying arg-6 were grown on 2 mwarginine for 16 h and mycelium was then transferred either to 2 mM-arginine medium for 2 h (arginine sufficient) or to minimal medium for 8 h (arginine limited). Strains carrying his-2 were grown either on 0-5 mMhistidine for 16 h (histidine sufficient) or on 0.05 mM-histidine for 40 h (histidine limited). The specific activities under limitation conditions do not necessarily represent maximal values. This, and the fact that the his-2 allele was different from that used in Fig. 1 , may account for the lower changes in specific activity observed here for histidine limitation (cf. Fig. 1 The period of most rapid increase in specific activity for all four enzymes, during depletion of either amino acid, occurred when growth (dry weight increase) was already severely curtailed (Fig. 1) . The progressive restriction of growth would probably limit the final specific activities attained. Changes in specific activity were therefore not expected to provide an accurate measure of the changes in enzyme synthesis that occurred during amino acid depletion.
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OCTase synthesis during arginine depletion
We showed previously that OCTase is stable following shifts from derepressive to repressive conditions, or following inhibition of protein synthesis with cycloheximide, in cultures grown in the presence of glucose and NH3 (Flint & Kemp, 1981) . Furthermore, the immediate curtailment of the increase in OCTase activity that was observed following cycloheximide inhibition in cultures undergoing derepression (Flint & Kemp, 198 1) argues that derepression depends on new protein synthesis rather than activation. Therefore the overall rate of increase in OCTase activity can be used as a measure of the absolute rate of synthesis of this enzyme in cultures undergoing derepression. In Fig. 2 the fully repressed rate of OCTase synthesis is shown for cultures growing exponentially on 2 mM-arginine. A lower concentration of arginine (0.12 mM) resulted in early depletion of the mycelial arginine pool (Fig. 2 b) and in cessation of total protein accumulation after 21 h of growth. (Dry weight increase fell less sharply than protein increase -cf. Figs 1 and 3 .) The absolute rate of OCTase synthesis in cultures grown with 0.12 mM-arginine increased 3.5-fold, by comparison with repressed conditions, at least 3 h before any change in total protein accumulation was detected (Fig. 2a) . Subsequently enzyme synthesis did not finally cease until at least 5 h after the apparent cessation of total protein accumulation. This latter observation is probably due to the persistence of a residual level of protein synthesis, resulting from amino acid recycling, together with a high differential (or relative) rate of OCTase synthesis. Protein degradation (at a rate of 4 to 7% h-l, from pulselchase experiments) and protein synthesis (from pulse incorporation of labelled amino acids) continued to be detectable for a considerable period in non-growing, arginine starved cultures (results not shown). 
Diflerential rates of enzyme formation during linear amino acid limited growth
The effects of amino acid limitation on the differential rates of synthesis of OCTase and ASAase were investigated in auxotrophic cultures whose growth was dependent on a continuous low input of amino acid. Since Neurospora mycelium cannot readily be grown in a chemostat, the method used was to supply batch cultures of an arg-5 strain continuously with fresh medium containing defined concentrations of arginine. The cultures received an initial 'priming' level of arginine supplementation (0.1 2 mM), allowing normal germination and early growth, but subsequently their dry weight increased at a linear rate determined by the concentration supplied (Fig. 3) . Linear growth resulted because the constant rate of arginine supply limited the overall rate of protein formation in the culture, regardless of the mycelial mass present. The mycelial protein content per unit dry weight changed little with time once linear growth had become established, although the average value decreased slightly at the lower input levels ( Table 2) . The arginine pool present in linearly growing mycelium decreased with decreasing supply concentrations ( Table 2 ). The possibility that these conditions also led to significant polyamine limitation, because of the absence of ornithine synthesis in arg-5 strains (Davis et al., 1970) , was excluded in preliminary experiments. The linear growth rate of an arg-I2 strain (blocked after ornithine), supplied with 0.12 mM-arginine, was approximately 9 mg h-l, and that of an arg-5 strain supplied with 0.12 mwarginine plus 0.2 mmputrescine approximately 11 mg h-l (raw data not shown). This compares with 10 mg h-l for an arg-5 strain supplied only with 0.12 mwarginine (Table 2) . Cultures that received no supply of fresh medium but were initially supplemented with 0.12 mMarginine (A) or 2 mM-arginine (H) are included for comparison. Each supply concentration represents a separate experiment. At least two cultures supplemented initially with 2 mwarginine were included in each experiment, receiving inocula identical to those of the supplied cultures. The time scales for different experiments were adjusted to correct for slight variation in the effective inoculum size by visually aligning the parallel log dry wt versus time plots (not shown) of the control cultures grown with 2 mwarginine. During linear growth the total activities (per culture) of OCTase and ASAase increased as approximately linear functions of total culture protein (not shown), allowing estimation of differential rates of enzyme synthesis (given in Table 2 ). These show a progressive response leading to a 25-fold increase in ASAase synthesis and a 20-fold increase in OCTase synthesis at the lowest input, by comparison with repressed (arginine sufficient) conditions of growth. The difference in the control response of the two enzymes is probably real. ASAase synthesis increased 2.5-fold, while OCTase synthesis increased less than 1-5-fold, between the 0-12 mM and 0.01 mM supply regimes (Table 2) . Similar experiments with an arg-6cpc-1 strain gave values of 0.059 (SE 0.005) and 0.064 (SE 0.005) respectively for the differential rate of OCTase synthesis in 2 mM-arginine grown cultures and 0.1 2 mM-arginine supplied cultures.
When the derepression factors shown in Table 2 were plotted as a function of the total mycelial arginine pool (which approached stable values during linear growth), there was no inconsistency between these results and those obtained previously by Barthelmess et af. (1 974) from arginine bradytrophs during steady state growth (Fig. 4) . However, the present results revealed a further sharp increase in derepression at arginine pools slightly below those achieved in the earlier study, i.e. between 2% and 4% of the pool of around 20 pmol g-l present in a wildtype strain grown on minimal medium.
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The results of this and previous studies (Barthelmess, 1982; Flint & Kemp, 1981) indicate that cross-pathway control is the major, if not the only, mechanism responsible for derepression of the arginine synthetic enzymes OCTase and ASAase 'in Neurospora under conditions of amino acid limitation, Cross-pathway control is known to govern the derepression of enzymes belonging to several different amino acid pathways in response to a reduction in the intracellular concentration of any one of a number of amino acids Barthelmess, 1982) . This paper provides a quantitative analysis of the response of OCTase and ASAase derepression to a deliberate, progressive reduction of one amino acid pool. Although limitation of one amino acid can lead to increases in many other amino acid pools (Flint & Kemp, 198 1) these are expected to have little influence on the derepression observed here. The levels of amino acids present in wild-type Neurospora grown on minimal medium appear sufficient to exert almost complete repression of OCTase and ASAase (Flint & Kemp, 1981 ).
An earlier study (Barthelmess et al., 1974) revealed a progressive increase (up to fivefold) in the specific activity of OCTase and ASAase with decreasing arginine pool size in arginine bradytrophic strains grown exponentially on minimal medium. In the present study, under more severe limitation conditions achieved in an auxotrophic strain, the differential rate of synthesis of these two enzymes increased up to 20-fold or more.
Previous evidence (Flint & Kemp, 1981) supports the view that derepression results from a relative increase in enzyme synthesis, due to increased levels of the relevant mRNA species, rather than to activation or decreased enzyme degradation. The differential rates of enzyme synthesis reported here strictly measure net enzyme synthesis relative to net total protein synthesis. As such they could also be influenced by changes in the rate of 'bulk' protein turnover, particularly if this differed from the rates of turnover of the individual enzymes examined. Cultures undergoing arginine starvation in fact showed little increase in the rate of protein degradation by comparison with non-starved, exponential cultures (results not shown). In addition similar differential rates of OCTase synthesis were observed here under conditions of arginine limitation or sufficiency in a cpc-I arg-6 strain, which is unable to derepress this enzyme, This does not suggest any appreciable effect due to selective degradation. We also found evidence-here that net OCTase synthesis could occur in the absence of net protein synthesis in non-growing, arginine starved arg-5 cultures. Under these conditions protein turnover will probably result in some recycling of amino acids, sustaining a basal level of protein synthesis and, presumably, highly derepressed enzyme synthesis.
Derepression factors of the order of 20-fold due to cross-pathway regulation have not previously been reported in Neurospora. However, much of the available evidence has been derived from examining changes in specific activity after prolonged amino acid starvation of auxotrophs. Our results imply that in an auxotrophic strain differential rates of enzyme synthesis will increase rapidly as amino acid depletion proceeds. Because of the accompanying limitation of protein accumulation, however, the final increase in specific activity underestimates changes in enzyme synthetic rates. This would apply equally to other enzymes showing similar regulatory responses to arginine or other amino acids.
The present results, together with those of Barthelmess et al. (1974) , establish that a good correlation exists between enzyme derepression and the total arginine pool under steady state conditions. The relevant signal concentration may not be proportional to the total pool, however, since arginine shows a highly uneven intracellular distribution between cytosol and vacuoles in Neurospora (Subramanian et al., 1973) . In addition it has previously been proposed that the level of tRNA charging may provide the signal for derepression occurring via crosspathway control (Spurgeon & Matchett, 1977) . The state of charging of all tRNA species might, for example, be monitored at the level of the ribosome in a manner analogous to stringent control in bacteria (Gallant, 1979) . Alternatively a mechanism might exist that simultaneously monitored the charging of many free tRNA species. Our results appear consistent with a signal related to tRNA charging in that derepression was only associated with steady state arginine pools considerably below the level found in a wild-type strain grown on minimal medium. On the other hand, we also showed that OCTase derepression could be triggered initially at an arginine concentration that did not detectably limit overall protein accumulation. This could imply that reductions in charging of the relevant tRNAs can signal derepression without appreciably affecting the net rate of protein synthesis.
The observation ( Table 2 ) that differential rates of enzyme synthesis remaified constant during linear, amino acid limited growth, although they responded to variation in supply concentrations, also requires comment. A constant rate of arginine input might be expected to lead to progressively more severe amino acid limitation in such cultures as the mycelial mass and culture volume increase. The apparent approximation to steady state conditions can, however, be explained if the mass of mycelium active in synthesizing protein and in taking up arginine from the medium were constant for a given supply regime, despite the increase in total mass. This situation would arise if these metabolic activities were confined to the extension zones associated with a constant number of hyphal tips growing by linear extension. Both the volume of the extension zone and the number of growing hyphae may decrease with a reduction in the concentration of limiting nutrient supplied (Katz et al., 1972; Trinci, 1978) . Steady state conditions did not extend to rates of total RNA and DNA accumulation, which decreased with increasing dry weight as well as with the concentration of limiting nutrient supplied (results not shown) .
The physiological role of the responses revealed here has yet to be determined, and it is not known whether the extreme conditions that can be created in auxotrophic strains limited for a single amino acid are encountered by wild-type strains in nature. It is conceivable that the combined effects of simultaneous small reductions in many amino acid pools (or in the charging of many tRNA species) might lead to derepression of the magnitude found here without causing severe growth limitation, but these conditions are not readily achieved experimentally. 
